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ABSTRACTThe present study aims to assess the impact of heat- 
activated sodium hypochlorite (NaOCl) and/or autoclave sterilisa-
tion on the cyclic fatigue resistance (CFR) of heat-treated nickel- 
titanium rotary files used in root canal treatment. The CFR of One 
Curve (OC) files was evaluated under the following conditions: as 
received (Group 1; control), immersion in NaOCl at 23 ± 1ºC 
(Group 2), immersion in NaOCl at 60 ± 1ºC (Group 3), autoclave 
sterilisation at 135 1ºC (Group 4), combined treatment of autoclave 
sterilisation and immersion in NaOCl at 23 ± 1ºC (Group 5), and 
combined treatment of autoclave sterilisation and immersion in 
NaOCl at 60 ± 1ºC (Group 6). A simulated root canal in a zirconia 
block was utilised to test the performance of the files. All the types 
of treatments resulted in significant reductions in fracture resis-
tance of the OC files. Immersion of the files in NaOCl at 23ºC 
revealed the smallest reduction, while combined treatment of auto-
claving and immersion in NaOCl at 60ºC caused the greatest reduc-
tion. Autoclave sterilisation or exposure of OC files to 2.5% NaOCl 
adversely affect the cyclic fatigue life and increasing solution tem-
perature or combined treatment caused additionally significant 
reduction in CFR.
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1. Introduction
One of the fundamental steps in the root canal treatment is the cleaning and shaping of 
the root canal [1]. The use of NiTi rotary files provided faster and more effective canal 
preparation than the conventional files [2]. In spite of these advantages, NiTi files are 
susceptible to deformations and fractures, contributing negatively to the prognosis of the 
treatment [3]. To get over these downsides, enhancements in instrument design, heat 
treatment process, and the introduction of innovative NiTi alloys with superior mechan-
ical properties have been offered [2]. One Curve is one of these improved products. It is a 
heat-treated NiTi rotary file adapting C wire technology with superelastic properties 
enables full-length preparation of the canal with a single file. One Curve, a smart, 
competent, and conservative NiTi file, has increased flexibility and separation resistance, 
precise taper, and diameter for an ultimate canal shaping that meets standards of an 
optimised cleaning and shaping, and preserves the original anatomy of the root 
canal [4,5].
In conjunction with the work of intracanal instrument, effective cleaning of the root 
canal relies on irrigating solutions. It is recommended to use solutions having bacterio-
static or bactericidal activity with tissue-dissolving capabilities to facilitate the root canal 
space debridement [1]. Sodium hypochlorite is the most preferred irrigant due to its 
excellent antibacterial property and capability of successfully dissolving organic compo-
nents of the dentine, biofilm, vital pulp tissue, and necrotic tissue. Moreover, it is 
inexpensive, readily available with a relatively long shelf life [6,7]. However, NaOCl 
induced corrosion is a threat that might restrict the resistance of a file to fatigue fracture, 
and it happens during root canal preparation when a file comes in contact with the 
NaOCl solution. Pits and surface defects are generated, acting as a focal point for the 
propagation of fatigue failure [8].
Several studies examined the impact of NaOCl on the CFR of the NiTi rotary files, 
resulting in controversial findings [9–15]. A number of studies have reported a reduction 
in CFR of NiTi files when contacted with NaOCl [8,16,17]. On the other hand, Pedulla 
et al. [15,18] stated that file exposure to NaOCl solution did not reduce CFR of the heat- 
treated NiTi instruments (Twisted Files, Hyflex CM, Reciproc R25, Wave one Primary, 
and Pro Taper F2). In relation to OC files, Ertugrul [19] demonstrated that the 2.5% 
NaOCl at 35ºC caused a non-significant reduction in the CFR, where the OC revealed 
higher CFR than One shape and ProTaper Next types of files.
One of the currently developed strategies to improve NaOCl effectiveness is the pre- 
heating of low concentration solutions in order to facilitate the dissolution of the organic 
and inorganic tissues and to disinfect the whole canal system. The heating of NaOCl 
irrigating solution plays a central role in promoting an effective cleaning of the root canal 
space [20–22]. Heat-activation of the solution to 60ºC – 70ºC before irrigation is more 
efficient [23]. Huang et al. [24] demonstrated that 5.25% NaOCl did not affect the CFR of 
NiTi files, but heat activation of the solution caused a significant reduction in CFR as 
a result of the negative influence on the metallurgical properties of the NiTi files.
Sterilisation of NiTi instruments is an important requirement to avoid cross- 
contamination [25]. Autoclaving has been considered as the most efficient sterilisation 
method for endodontic files [26]. The ratio of nickel and titanium in NiTi alloy is nearly 
equiatomic, with about 56% Ni and 44% Ti [27]. With these shares, two temperature- 
dependent crystalline structures identified are austenite and martensite phases [15]. In 
the austenitic phase, the alloy is hard, rigid and has excellent superelastic properties. In 
contrast, in its martensitic phase, the alloy is soft, ductile, and easily deformed with shape 
memory effect [28]. At ambient temperature, many files are in the martensitic state of 
material or at least lower than the austenite state; therefore, they are still rather flexible 
[15,29,30]. As the NiTi properties are greatly affected by thermomechanical processing, 
an added heat during processing such as autoclave sterilisation can influence the 
mechanical properties of these instruments leading to fatigue failure. This concern has 
been highlighted in previous publications that presented the influence of autoclave 
sterilisation on the cyclic fatigue life of NiTi files [12,30–32]. However, these findings 
remained controversial, and the outcomes from the other published studies varied from 
increasing [30–32], decreasing [15,33] or not affecting [15,31–33] the cyclic fatigue 
strength of the heat-treated NiTi files.
The heat-treated NiTi rotary files might be subjected to post-manufacturing 
thermal challenges because of autoclave sterilisation or contacting with disinfecting 
chemicals at different temperatures. Literature research showed that no study exam-
ined the effect of heat-activated NaOCl and/or autoclave sterilisation on the CFR of 
One Curve file. The purpose of the current study was to understand the individual 
and combined impacts of heat-activated NaOCl immersion and autoclave sterilisa-
tion on the CFR of OC files. The null hypothesis was that autoclave sterilisation 
and/or heat activation of NaOCl does not influence the fracture resistance of the OC 
files.
2. Materials and methods
2.1. File samples and preparation
Thirty-six One Curve (OC; Micro-Mega, Besançon, France) heat-treated NiTi rotary 
endodontic files with a size of 25 and tapering of 0.06 were selected for the fatigue 
resistance test. The files were initially observed at 20× magnification to ensure that they 
were defect-free. According to the type of treatment, they were allocated into six groups 
(n = 6). The file conditions in the groups are presented in Table 1.
Dynamic immersion of the files was conducted by attaching them to an endo-
dontic contra-angle handpiece motorised by a torque-controlled electric motor 
(X-smart, Dentsply Maillefer, Ballaigues, Switzerland), placing into a container con-
taining 10 ml of 2.5% NaOCl at 23ºC or 60ºC (according to the experimental 
groups) and freely rotated in the container without the file shaft contacting the 
NaOCl solution. Throughout the operation of the files, the solution temperature was 
observed with a digital thermostat (Elimko, Elimko Electronics Manufacturing, 
Ankara, Turkey). Following rotation in a continuous clockwise mode for 10 minutes 
at a speed of 350 rpm , the file was removed from the container, thoroughly rinsed 
with distilled water and dried to get rid of any effect from the NaOCl solution. For 
autoclaving, the files were placed in a sealed autoclave pouch (Ningbo Jiangbei 
Woson Medical Instrument Co. Ltd. Ningbo, China).
Table 1. Experimental groups and conditions.
Group number File treatment condition
Group 1 (control 
group)
As received
Group 2 Dynamically immersed (rotated freely in the solution) in 10 ml of 2.5% NaOCl solution for 5 min 
at 23 ± 1ºC
Group 3 Dynamically immersed in 10 ml of 2.5% NaOCl solution for 5 min at 60 ± 1°C
Group 4 Autoclaved at 135ºC for 27 min (18 min for sterilisation and 9 min for drying)
Group 5 Treated with a combination of autoclaving and dynamically immersing in 10 ml of 2.5% NaOCl 
solution for 5 min at 23 ± 1ºC.
Group 6 Treated with a combination of autoclaving and dynamically immersing in 10 ml of 2.5% NaOCl 
solution for 5 min at 60 ± 1°C.
2.2. Cyclic fatigue testing
CFR of the treated files from different groups was assessed using an experimental set-up 
comprised a motorised handpiece and an artificial canal as shown in Figure 1. The 
artificial canal was created inside a block of zirconia with 0.6 mm apical diameter, 
6.06 mm radius, and 45º curvature angle. The canal curvature started approximately 
2.5 mm from the canal tip and the maximum curvature was about 5.5 mm from the tip. It 
was prepared on the pre-sintering zirconia blocks, then sintering the zirconia blocks in 
a sintering oven (Vita Zyrcomat, Vita Zahnfabrik Germany) for 1 h at 1500ºC to obtain 
the full strength of zirconia [34].
To avoid slipping out of the files, and to allow good observation of the files, the 
simulated canal was covered with a transparent glass plate. In order to ensure 
a standardised testing, the handpiece was fixed and thus avoiding any inconsistency 
that might be caused by the manual operation. Following the manufacturer’s recommen-
dation, the files were rotated at a full clockwise rotation using the handpiece at 350 rpm. 
The rotation of the file in the canal was visually observed using endodontic loup (Quick 
Loupes, Univet, Rezzato, Italy) to determine the fracture moment. Following each file 
change, the artificial canal was irrigated with oil to limit the effect of friction between the 
instrument and the canal walls. The time-to-fracture was counted with a 1/100 
s chronometer. The number of cycles to failure (NCF) is defined by equation 1. 
NCF ¼ t � N (1) 
where t is the time recorded to fracture a file (min) and N is the number of rotations 
per minute of the files. The obtained NCF data (n = 36) from each group were averaged to 
compute the mean value. The lengths of the resulting fractured fragments were measured 
using a digital caliper (Mitutoyo, Kawasaki, Japan).
Figure 1. (a) Experimental set-up for cyclic fatigue testing of end od ontic files and (b) Zirconia block 
with an artificial canal.
2.3. Statistical analysis
As the Shapiro–Wilks test indicated the normal distribution of the data of NCF and the 
fragment length. One-Way ANOVA and Bonferroni test were performed to decide any 
statistically significant differences between the groups using SPSS software version 22.0 
(IBM Corp., Armonk, US). All testing was performed at a confidence level of 95%, and 
P ≤ 0.05.
3. Results
As presented in Table 2, in comparison to the control group, high statistically significant 
differences in NCF were recorded for all other groups. The control group recorded the 
highest NCF (1191.94), while the group from the combined treatment of autoclaving and 
heat-activated NaOCl recorded the lowest NCF (874.03). Also, statistically significant 
differences in NCF were recorded between the groups except between Group 3 (987.78) 
and Group 5 (994.58). The NCF values as a result of different treatments on the files 
produced the following ascending order: Autoclaving + NaOCl at 60ºC < NaOCl at 60ºC 
< Autoclaving + NaOCl at 23ºC < Autoclaving < NaOCl at 23ºC < Control. The highest 
percentage of NCF reduction in the Group 6 compared to the control group was 26.67%.
Regarding the length of the fractured fragment, the control group recorded the 
shortest fracture fragments, while the combined treatment of autoclaving and NaOCl 
at 60ºC recorded the longest fragments. In comparison with the control group, all other 
groups showed significant difference except Group 4. Significant statistical differences 
were detected between the groups except between Group 3 and Group 5. Similar trend 
was also observed in NCF. The fractured lengths measured from different groups after 
fatigue testing produced the following descending order: Autoclaving + NaOCl at 60ºC > 
Autoclaving + NaOCl at 23ºC > NaOCl at 60ºC > NaOCl at 23ºC > Autoclaving > 
Control.
The results are also presented graphically in Figure 2. The relationship between the 
NCF and fracture length was clear except Group 4. For example, at the most harsh 
condition with a combined effect of autoclaving and immersing in 10 ml of 2.5% NaOCl 
solution for 5 min at 60ºC, the NCF values were the lowest whereas the fractured length 
was the highest in contrast to the opposite trend in the control group. The fragments 
from the corresponding files are presented in Figure 3.
Table 2. Mean (standard deviation) of the number of rotations to failure (NCF) and length of 
file fractured fragments (mm).
Groups NCF (SD) Fragment length, mm (SD)
Group 1: Control (as received) 1191.94 (10.22)a 2.58 (0.03)a
Group 2: 2.5% NaOCl at 23ºC 1120.97 (10.05)b 2.97 (0.01)b
Group 3: 2.5% NaOCl at 60ºC 987.78 (10.22)c 3.63 (0.02)c
Group 4: Autoclave at 135ºC 1050.19 (0.10)d 2.66 (0.23)a
Group 5: Autoclave & 2.5% NaOCl at 23ºC 994.58 (6.12)c 3.89 (0.023)c
Group 6: Autoclave & 2.5% NaOCl at 60ºC 874.03(10.05)e 4.19(0.02)d
Different superscript letters within a column indicate statistically significant difference between groups 
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Figure 2. Cyclic fatigue performance of one curve files under different treatment conditions.
Figure 3. Files with broken fragments from each group and new file.
4. Discussions
High-performing instruments have been introduced for the preparation of the root canal, 
making the endodontic treatment easy and safe. As cyclic fatigue is one of the leading 
cause for the file fracture [35], it is worth to conduct cyclic fatigue tests on advanced 
single system NiTi files as they might undergo chemical [16], and/or thermal environ-
ments [26]. This study investigated the effects of these individuals (e.g., heat-activated 
NaOCl) and their combined (e.g., autoclave sterilisation + heat-activated NaOCl) envir-
onments on the cyclic fatigue resistance of OC endodontic file.
According to the outcomes of this study, the CFR of OC file was significantly 
affected by both individual and combined treatments with 2.5% NaOCl at 23ºC, 
heat-activated 2.5% NaOCl at 60ºC or autoclave sterilisation. Therefore, the hypoth-
esis was rejected.
The role of the irrigating solution is essential to guarantee the success of root canal 
treatment. Among the irrigation solution, NaOCl is the preferable irrigant, due to its 
promising antibacterial, pulp dissolution, and lubricating abilities [7]. It has been con-
firmed that the antibacterial efficiency of NaOCl is influenced by its concentration, 
volume, exposure time, and temperature [36]. Though high concentrations of NaOCl 
are required for the bacterial elimination [37–40], 2.5% NaOCl is still the most preferable 
concentration utilised in endodontic procedures [41], avoiding the possible toxicity 
associated with the high concentration [21]. Thus, 2.5% NaOCl was used in the current 
study. Regarding the contact time, NaOCl irrigation was ranged from 2 to 40 min 
[38–40,42]. Gulsahi et al. [43] stated that 5 min irrigation with 2.5% NaOCl at 25ºC 
was the most efficient. Therefore, the 5 min contact time was considered in the current 
study. In relation to the file immersion in the NaOCl solution, the shaft of the file was not 
immersed in the irrigant, simulating the clinical case in root canal preparation. This was 
also maintained to avoid the possible phenomena of galvanic corrosion [44].
The present result indicated that the autoclaving of the OC files caused a significant 
reduction in the CFR. Concerning similar studies conducted on other types of files, the 
current finding was in agreement with Pedulla et al. and Hilfer et al. [15,33] and disagreed 
with the findings by Plotino et al., Zhao et al. and Özyürek et al. [30–32]. The phase 
constitution of NiTi instruments at a particular temperature is crucial in defining their 
mechanical properties [45]. Therefore, the high temperature and the pressure of auto-
claving might cause a change in the metallurgical properties, affecting the integrity and 
flexibility of the file. This could be attributed to the transition of the alloy from the 
martensitic phase to the stiffer austenitic phase, which was more susceptible to fatigue 
crack propagation [46].
The present study demonstrated an adverse effect of 2.5% NaOCl irrigation on the 
CFR of OC files. That was in agreement with Abuhulaibah et al. [47] as they showed that 
5 min file immersion in 2.5% NaOCl at body temperature significantly lowered the 
resistance of the OC files for cyclic fatigue. On the other hand, the current results 
disagreed with that reported by Ertugrul [19]. In that study, although OC revealed higher 
CFR than One shape and ProTaper Next files, it had nonsignificantly reduced the CFR of 
the OC. However, the author used different experimental conditions such as during 
testing the file, and the artificial canal was immersed into a water bath containing the 
irrigation solution, where the file rotated till fracture. However, carrying out the test at 
intracanal temperature (35ºC) resulted in a significant reduction in the CFR of OC files 
compared with testing at ambient temperature [48].
According to the result of the present study, heating the NaOCl to 60ºC caused a more 
dramatic reduction in the CFR. The adverse effect of the thermal activation came in 
accordance with Bedier et al. [49] as they demonstrated that high temperature of the 
irrigation solution (distilled water) had a reducing effect on the flexural CFR of the one 
(predecessor of OC) and two shape system of rotary endodontic instruments. The studies 
conducted by Demiral et al. [50], and Keles et al. [17] also supported the current results as 
the CFR of one-shape file system exposed to heat-activated NaOCl at 50ºC showed 
a significant reduction. However, the same experimental condition caused 
a nonsignificant effect on the Reciproc Blue [17]. Although the study by Huang et al. 
[24] demonstrated that 5.25% NaOCl did not have any influence on the CFR of the NiTi
files, heat activation of the solution caused significant reduction, influencing the metal-
lurgical properties of NiTi files. On the other hand, the current results were in contra-
diction with the study by Pedulla et al. [51] where they reported that NaOCl improved
the CFR of OC, independent of the temperature applied (20ºC and 37ºC). However, they
applied different experimental settings having an artificial canal of a 60° angle of
curvature and a continuous flow of the irrigant in the artificial canal which resulted in
a reduction in the volume of solution and the exposure period.
It has been recorded that NaOCl etches the NiTi instruments, removing nickel ions 
from the surface to form micro-holes [52]. This corrosive activity could create stress 
accumulation and crack propagation on the instrument. Thus, a contact between NaOCl 
and files might have an adverse impact on the mechanical integrity of NiTi instruments 
[16,53]. Thermal activation of the NaOCl causes an increase in the release of free 
available chlorine in the solution [54]. These molecules are accountable for the chlor-
inating and oxidising action [55]. The increased elaboration of the chlorine caused an 
increase in the corrosive ability of the solution. It was also recorded that the chlorine 
concentration increased the corrosion rate. Furthermore, the temperature plays a vital 
role in advancing the metal corrosion rate. The higher the temperature is, the higher the 
corrosion rate [56,57].
One of the key findings of the present study was that the combination of autoclaving 
and file immersion in 2.5% NaOCl solution caused a more dramatic reduction in the CFR 
which was worst if the autoclaving followed by file immersion in heat-activated solution. 
Although in Bulem et al. [25] study, the combination of file immersion in 2.5% NaOCl at 
23ºC followed by autoclaving reduced the CFR of ProFile, FlexMaster, Twisted File, 
MTWO, the differences were statistically not significant. In relation to other types of 
heat-treated NiTi files, Pedulla et al. [15] recorded a non-significant reduction in the CFR 
of Hyflex CM file even after repeating of the cycle of the combined treatment for 3 times, 
while Twisted files showed a significant decrease after the repeating of that cycle. 
However, the effect of combined treatment seemed to differ with a different type of 
files. File exposure to NaOCl after autoclave might increase the depth of the surface 
irregularity, enhancing fatigue propagation [58,59]. The processing conditions of the files 
during manufacturing and different thermal managements might have a vital effect on 
the performance of the files as NiTi is an alloy susceptible to both the thermal and 
mechanical stresses [30]. Exposure of the autoclaved file to heat-activated corrosive 
irrigant resulted in a further dramatic reduction in the CFR, reflecting the accumulative 
effect of cracking that caused by the autoclaving and the NaOCl induced corrosion which 
would be more aggressive as a result of the heat activation.
According to the result of the present study, the greater weakening of a file can be 
determined by the longer length of the fractured segment. It was observed that the 
instrument fractured at the site of maximum flexure within the curved canal where the 
high-stress concentration was expected. The length of the fractured fragments of the files 
was significantly influenced by the type of tested treatments. It was stated that small 
cross-section exhibit greater resistance to cyclic fatigue [60–62]. Therefore, after the 
exposure of the files to the tested challenges, the area of bigger file diameter (far from 
the apical) appeared to be more vulnerable to fracture.
One of the limitations of this study was that the clinical relevance was challenging to 
achieve. While performing the test on extracted teeth could simulate clinical situations, 
they were not anatomically standardised [63]. Thus, an artificial canal was utilised to rule 
out all the other variables other than the tested variables. For the same purpose of 
reducing the variable, oil had been used to lubricate the movement of the file inside 
the canal, reducing the effect of friction between the file and the canal walls. Therefore, as 
a future study, it is worthwhile to investigate the impact of intracanal lubricant on the 
CFR. Additional suggestions include investigating the effects of the tested conditions on 
other types of heat-treated NiTi files, and the effect of lower concentration NaOCl on the 
CFR of OC file to identify the minimum amount of concentration that does not 
significantly affect the CFR of the file. Microscopic analysis can be performed on the 
fractured specimens in the future to support the findings.
Usage of OC file in conjunction with intracanal irrigation with 2.5% NaOCl at room 
temperature (23ºC) or heat-activated at 60ºC and/or autoclaving significantly reduced 
the cyclic fatigue resistance of the OC endodontic file. Therefore, after canal irrigation 
with NaOCl, it is advised, as a general clinical practice, to wash the canal with an inert 
solution such as distilled water or normal saline to avoid any adverse effect on the OC 
files contacting with the irrigant.
5. Conclusions
Within the limitations of the present study, it can be concluded that the CFR of the 
heated treated NiTi rotary files (OC) was adversely affected by the immersion in 2.5% 
NaOCl or one cycle autoclave sterilisation. A more significant reduction in the CFR 
caused by heat activation of the solution or combination of autoclaving with the 
immersion in the solution at room temperature. However, the drastic effect would 
have resulted from the combination of immersion in the heat-activation solution and 
the autoclaving.
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